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EXECUTIVE SUMMARY

Measuring the aerosol evolution from MSRs is important for monitoring the off-gas system of the reactor
and is particularly important for detecting off-normal conditions. In a molten salt reactor (MSR) accident
scenario, an aerosol release would be a major factor in the source term. This aerosol stream would likely
be generated from a breach in the cover gas system, which causes particles produced from fission itself to
escape, or from a salt spill that produces aerosols through splashing and secondary reactions. The particle
size of the produced aerosols is anticipated to vary greatly and range from 0.01 to 10 um. The transport of
these aerosols would be dependent on the particle size. A better understanding of aerosol generation, size,
and monitoring methods are needed to inform estimation and mitigation of potential aerosolized source
terms from MSRs. While salt spill experiments are being performed at Argonne National Laboratory, the
development of aerosol characterization and monitoring methods are being developed at Oak Ridge
National Laboratory. To generate prototypic aerosols for use in testing monitoring instruments and
mitigation methods, a surrogate aerosol stream was produced with a Collison nebulizer, and the particle
size distributions were measured with a cascade impactor. The results demonstrated that by changing the
nebulizer pressure, the aerosol particle size distribution can be adjusted to best match the region of
interest for experiments with higher pressures, driving the particle size down. However, nearly all
aerosols formed exceeded 1 pm in diameter, providing a lower bound for the surrogate aerosol stream. In
addition to verifying the applicability of this surrogate aerosol stream, this work has shown that a laser
induced breakdown spectroscopy monitoring system that is under development is resilient to changes in
particle sizes, increasing its robustness for off-gas monitoring.

1. INTRODUCTION

Aerosol release is being considered as a contributor to the source term in the event of a reactor accident.
Possible events that could lead to aerosol release include a breach of the cover gas system for a salt-fueled
MSR or a salt spill from the primary circuit. In both cases, the breach would allow airborne species to
escape from the reactor core, although the mechanisms leading to the breach events are quite different.

The cover gas of a salt-fueled MSR leaving the reactor core is expected to contain both noble and non-
noble gases, aerosols, volatile species, tritium, radionuclides, and their decay daughters. Particulates from
structural materials, salt mists, and aerosols from condensed noble gas decay daughters could be
generated in several ways during reactor operation. Mists and aerosols can be generated by the fuel salt
through splashing, volatilization, radioactive recoil near the surface, or the migration of undissolved noble
metal clusters from the surface of the salt [1]. During the Molten Salt Reactor Experiment (MSRE)
operation, it was estimated that <I mol% of the salt became airborne, which did contain some noble
metals, although the main constituents of this airborne fraction consisted of salts containing daughters of
Kr and Xe (i.e., Cs, Ce, Ba, Rb, Sr, Y), Ba, as well as I as a fission product and from the decay of Te, Br,
and Se [2]. This is the primary way that salt-soluble fission and activation products will enter the off-gas
system.

The nonvolatile components in the off-gas stream for the reference molten salt breeder reactor (MSBR)
were described as being mists or smokes (particles) at relatively low concentration (probably between 100
and 1,000 ppm by volume) divided into three groups [3]:

1. Fuel salt particles, generated in the pump bowl and the bubble separator, having potential sizes
ranging from 1 to 10 pm.



2. An estimated 1-50% of all the noble metal (Nb through Te) fission products were entrained in
particles ranging in size from 0.01 to 10 um. For a 2,250 MW(t) reactor, the mass flow rate could
be as high as 300 g/day.

3. Nonvolatile fission product decay daughters of Kr and Xe. Noble gas daughters, which are born
in the salt, are assumed to be retained in the salt as fluorides. For a 2,200 MW(t) reactor, and
assuming a 2 hour gas holdup volume, an estimated 140 g/day of noble gas daughters will
accumulate in the holdup tank. Many of these will likely deposit on the walls of the tank, but their
chemical form is not definitively known.

During normal operation, the cover gas is maintained to remove airborne radionuclides, including
aerosols. The main driver for removing the particulates, mists, and aerosols is to prevent plugging of the
cover gas piping in filters located after the decay tank. In the MSRE, pressurized He (1.3 bar) was used to
sparge the salt and push fission gases toward a series of metal filters and charcoal beds, which were then
vented to the atmosphere [2, 4]. The system did not work well because it was prone to plugging. Many of
the plugging issues were the result of carbon deposits in the system, mostly from pump oil pyrolysis;
however, this is not typical of modern MSRs. Both solid sorbents [5—9] and liquid scrubbing methods
[10] have been proposed for removal of aerosols including mists, splashes, particulates, and the
condensed daughters of fission gases. Additionally, some of these products will also plate out throughout
the system and accumulate over time.

In the case of a hypothetical salt spill event, the primary circuit is breached in a location that does not
provide the standard off-gas treatment components. In one scenario, the salt could flow through a crack in
the reactor cooling system and pool on a floor inside the primary containment area. As the fission gases
are released from the salt, they will decay, and fumes will form from secondary aerosols. The salt may
freeze into mists, and these also will deposit inside containment. The speciation of the aerosols will be
similar to an off-gas breach, but the surface area of the salt may be much larger, causing a greater instant
release fraction. Depending on the location of the breach, the salt may penetrate into the secondary loop.
A pipe break would provide a more violent spill than a trickle through a crack, that might freeze shut.
Research at Argonne National Laboratory is underway to characterize aerosols from a salt spill
experiment. The work described here is complementary to the Argonne work, as the focus is more on a
breach in the off-gas and the aerosol transport that could contribute to the source term. In the future,
commonalities and differences in identified aerosol transport mechanisms will be explored to reduce
uncertainties in severe accident consequence analyses.

2. EXPERIMENTAL

The acrosol stream used as a surrogate off-gas in this study was generated using a Collison nebulizer. A
Collison nebulizer forces the carrier gas through a small aperture, which then siphons liquid from a
reservoir and jets the gas out into the body of the nebulizer [11,12]. Large liquid particles will impact the
wall and return to the reservoir, but finer particles will remain in suspension and form the transported
aerosol stream. For future molten salt aerosol experiments, this functionality will mitigate clogging issues
unlike in traditional concentric nebulizers, which force the liquid through a small opening [12]. A
schematic of a single jet Collison nebulizer is shown in Figure 1 [12].



Nebulizer tip

) . o H— Gas
Aerosol
. ﬁ 9‘ Pinhole
o o o /
/]
| # /
Liquid )
s ]
/
Liquid
*

Figure 1. A schematic illustrating how Collison nebulizers are used to generate aerosol streams. Illustration
reproduced courtesy of A. N.Williams [12].

The produced aerosol stream was passed into a Marple series 290 cascade impactor to measure the
particle size distribution. Cascade impactors are composed of a series of stages with varying slot opening
sizes. An aerosol stream is passed through the impactor, and if a particular aerosol particle aerodynamic
diameter is greater than the stage’s cut-off diameter then it will impact the stage. If the aerosol particle is
less than the cut-off diameter, it will pass onto the next stage and the process repeats [13,14]. This is
analogous to sieving powders. Each stage is equipped with a filter to capture and retain particles that
impact the filter. The cascade impactor and stages can be seen in Figure 2. These filters are weighed
before and after flowing an aerosol stream through the device to calculate the particle size distribution. A
picture of the complete experimental setup including the Collison nebulizer and cascade impactor is
shown in Figure 3.



Figure 2. Cascade impactor stages in preparation with glass fiber filters. The stages are laid in sequential order
from left to right, top to bottom.



Figure 3. Cascade impactor used to measure particle size distribution connected to the outlet of a single jet
Collison nebulizer.

Aerosols were produced from samples of deionized water (17.6 M Q-cm) spiked with different lanthanide
ICP standards (Inorganic Ventures ICP standards). The particle size distribution was measured at various
nebulizer pressures ranging from 5 to 40 psig (1.3-3.8 bar). In addition to measuring the particle size
distribution, laser induced breakdown spectroscopy (LIBS) measurements were performed at each
pressure to better understand the impact of particle sizing on spectral response. A LIBS device for
monitoring aerosols and gases in an MSR off-gas system is under development, thus understanding the
impact of aerosol properties is vital. For this an Applied Photonics LIBSCAN 150 system was used with a
Catalina Scientific Instruments EMU-120/65 spectrometer. This Nd:YAG laser was operated at 1,064 nm
and 160 mJ per shot, using a 1 Hz shot frequency. The spectra were collected with a gate delay of 5 ps
and a gate width of 15 ps. Spectra were averaged over 20 shots and normalized to the argon intensity to
account for laser energy variation.

3. RESULTS AND DISCUSSION

The particle size distribution was measured from the Collison nebulizer operated at pressures ranging
from 5 to 40 psig. The 5_psig pressure did not produce an adequate aerosol stream and is not included in
the remaining analysis. Figure 4 is a log-normal probability plot that shows changes in the cumulative
particle size distribution as the operating pressure is increased. This figure illustrates that increasing the
pressure drives the particle size distribution toward smaller diameter particles, but there are diminishing
effects beyond 30 psig. Interestingly, the particle size is almost always greater than 1 um despite the
operating pressure, which is a good indication that the Collison nebulizer can produce a surrogate aerosol
stream that properly represents what might be produced from an MSR because the majority of the salt
aerosols during the MSRE were estimated to be greater than 1 um [3].
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Figure 4. Particle size distribution of the single jet Collison nebulizer as the argon pressure is varied.

The mean particle diameter for each pressure can be determined from Figure 4 by identifying the point on
each line that corresponds to a 50% probability [15]. The particle size geometric standard deviation is
calculated as the square root of the ratio between the 84.13% diameter and the 15.87% diameter

(0, = sqrt(Dss.13%/D1s 370)) [16]. The mean particle diameter decreases as the pressure is increased, but the
standard deviation of the distribution increases slightly. Both values are provided in Table 1.

Table 1. Mean particle diameter as the nebulizer pressure is varied.

Pressure (psi) 10 15 20 25 30 35 40
Mean diameter (um) 535 371 310 277 240 233 229

Standard deviation (um) 1.57 1.76 1.88 195 191 2.09 2.01

The variation in mean particle diameter versus nebulizer pressure is shown graphically in Figure 5(a).
Several additional parameters were investigated as a function of pressure. Each cascade impactor
measurement was performed over a recorded time interval, which allowed the flow rate of liquid in the
nebulizer reservoir being converted into an aerosol to be calculated, shown in Figure 5(b). As expected,
this increases with an increase in pressure, but its measurement allows for the concentration of species in
the aerosol stream to be calculated from the known concentration in the liquid reservoir.

The LIBS spectra were collected with a sample containing dissolved Gd, Nd, and Sm. The normalized
peak areas were measured as the pressure was changed to infer any effects of particle sizing on the



measurements. All the analytes had a similar response, and the 342.2 nm Gd II peak area versus nebulizer
pressure is shown in Figure 5(c). The optimal pressure for the LIBS system was determined to be 20 psig
(2.4 bar), but there is truly little difference at any pressures above 15 psig (2.1 bar). The variation in
signal above 20 psig is likely due to noise rather than the aerosol properties. This can be interpreted to
mean that the LIBS plasma consumes aerosol particles over a range of sizes, and the benefit of pressures
greater than 15 psig is meeting a threshold flow rate such that each shot consumes an adequate number of
particles. One concern about performing LIBS on flowing systems is that the produced plasma might be
quickly quenched by incoming aerosol particles, reducing its effective lifetime. The electron density was
measured using the full width at half maximum of the 656.28 nm H,, peak [17]. This density was found to
be unaffected by nebulizer pressure as shown in Figure 5(d). Furthermore, it is on the level expected of a
laser induced plasma (~10'7 cm=) [17].
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Figure 5. The behavior of (a) the mean particle diameter, (b) the flow rate of liquid out of nebulizer, (c) the
342.2 nm Gd II peak area, and (d) the plasma electron density as the nebulizer pressure is varied.

4. CONCLUSION

This study has several key takeaways. First, the LIBS sensor under development is capable of monitoring
elemental signals over a range of aerosol particle sizes. This makes the system more robust in application,
as it should be applicable to the particle sizes anticipated from an MSR-produced aerosol stream [3].
Secondly, the Collison nebulizer can be used to produce surrogate aerosol streams with particle size
distributions matched to those anticipated from an MSR. Lastly, the methodology for aerosol particle size
measurement has successfully been demonstrated using an aqueous system. Future work will apply these
methods to a molten salt aerosol test stand that is under development, as well as to the salt spill
experiments being performed at Argonne National Laboratory.
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